ABSTRACT. We present two new high-resolution sediment records from the southwestern Iceland and Norwegian Seas that were dated by numerous 14C ages up to 5414C ka BP. Based on various lines of evidence, the local 14C reservoir effect was restricted to 400-1600 yr. The planktic stable isotope records reveal several meltwater spikes that were sampled with an average time resolution of 50 yr in PS2644 and 130 yr in core 23071 during isotope stage 3. Most of the 6180 spikes correlate peak-by-peak to the stadials and cold rebounds of the Dansgaard-Oeschger cycles in the annual-layer counted GISP2 ice core, with the major spikes reflecting the Heinrich events 1-6. This correlation indicates large fluctuations in the calibration of 14C ages between 20 and 54 i4C ka BP. Generally the results confirm the 14C age shifts as predicted by the geomagnetic model of Laj, Mazaud and Duplessy (1996) . However, the amplitude and speed of the abrupt decrease and subsequent major increase of our 14C shifts after 4514C ka BP clearly exceed the geomagnetic prediction near 40-43 and 32-34 calendar (cal) ka BP. At these times, the geomagnetic field intensity minima linked to the Laschamp and the Mono Lake excursions and confirmed by a local geomagnetic record, probably led to a sudden increase in cosmogenic 14C and 10Be production, giving rise to excess 14C in the atmosphere of up to 1200%o.
INTRODUCTION
presented a geomagnetic field-intensity record, mainly based on three magnetic records from deep-sea sediments in the Azores Basin (Lehman et a1.1996) , and calculated from this evidence a global 14C production curve for the last 80 cal ka BP. To examine the differential contributions of both the Earth's magnetic field and the ventilation of the deep ocean to variations in the atmospheric 14C budget, they employed a simple four-box global ocean model to convert the geomagnetic 14C production curve into a record of bulk past changes in the atmospheric l4C/12C ratio (referred to as &4C). They found that 80% of the A14C variations (and thus the major shifts between 14C and calendar ages) over the last 5014C ka BP can be explained by changes in the geomagnetic field and only 20% by changes in ocean ventilation. For the last 2014C ka BP, their proposed 14C age shifts are well confirmed by dendro-and lake-varve chronology (Stuiver and Reimer 1993;  Kromer and Becker 1993; Goslar et a1.1995) and various spot calibrations (Bard et a1.1990; Bard et al. 1993; Edwards et at. 1993) . Hardly any proof hitherto existed for the calibration of 14C ages >2014C ka BP (Chappell and Veeh 1978; Vogel 1983; Bard et al. 1993 Bard et al. , 1998 .
The GISP2 ice core from the Greenland summit may bridge this gap by providing a unique annuallayer counted time scale for the last 50 ka BP (Meese et a1.1994) . The paleoclimatic 8180 signals used have a resolution of 1 m, equal to a time resolution of 40-60 yr for the interval 12-50 cal ka BP (Grootes and Stuiver 1997; cf. Fig. 2 below) . However, the annual-layer dated 8180 record in the GISP2 ice core cannot be used directly to calibrate 14C ages because of the difficulty of dating atmospheric CO2 trapped in the ice core (Wilson 1995; Wahlen, personal communication 1997) . We thus employ a different strategy to convert the annual-layer time scale. First, we correlate the 8180 temperature record of GISP2 step-by-step to two high-resolution sediment records of climatic change from the nearby Nordic Seas. In a second step, the marine 14C ages of the various correlated climatic events are linked to the annual-layer counted chronology of the GISP2 ice core. This provides the framework for the 14C age anomalies from the calendar time scale over the last 50 ka BP.
METHODS
We studied two deep-sea cores from the western and eastern Nordic Seas, which have sedimentation rates of 8-20 cm ka-1 during stage 3 (Fig. 1) . We focused especially on the "watch dog" position of site PS2644 (67°52.02'N, 21°45.92'W; 777 m water depth; 9.18 m core recovery) in the West Iceland Basin to monitor changes in the surface and intermediate water currents through the Denmark Strait (Hopkins 1991) (Fig. 1) . Today, the hydrographic conditions near site PS2644 show a high interseasonal and interannual (and spatial) variability, such as with the "Great Salinity Anomaly" during the 1960s (Malmberg and Stefansson 1972; Malmberg 1984; Malmberg and Kristmannsson 1992) . In particular, the site occupies a position right in between 1) the warm, saline Atlantic water of the North Icelandic Irminger Current (NIIC) to the south; 2) the cold, freshwater-enriched East Greenland Current (EGC), which carries plenty of drift ice and icebergs, to the north and west; and 3) the East Iceland Current (EIC), an easterly branch of the EGC, to the northeast (Stefansson 1962; Swift and Aagaard 1981; Hopkins 1991) (Fig. 1) . Sea ice covers site P52644 during winter and spring, and occasionally also during summer (Vinje 1977; Malmberg 1984) .
During glacial times, the site of PS2644 was reached by icebergs and meltwater originating from both Iceland and East Greenland (Voelker et al. 1997) . PS2644 was then located at the entrance of a shallower Denmark Strait, narrowed down by the adjacent continental ice shields. The Icelandic glaciers extended about 130 km onto the western Icelandic shelf during the Last Glacial Maximum (LGM; Ca. 20 cal ka BP) (Olafsdbttir 1975; Vogt, Johnson and Kristjansson 1980) , whereas off the Kangerdlugssuaq Fjord on the western side of the Denmark Strait the ice margin reached >100 km onto the shelf (Larsen 1983 and references therein; Andrews et a1.1996 (Fig. 1) . The site is located below the warm, saline Norwegian Atlantic Current, which provides ice-free conditions in the Norwegian Sea throughout the year (Swift and Aagaard 1981; Hopkins 1991) . During glacial periods this site was reached by icebergs and meltwater originating from the Fennoscandian ice sheets (e.g., Fronval et al. 1995) .
The 8180 and 613C records are based on a 1-cm sampling resolution, equal to a mean time resolution of 50 yr for P52644 and 130 yr for 23071 in marine oxygen isotope stage 3 (Fig. 2) . The stable isotopes were measured on samples of 30 specimens of the polar planktic foraminifer Neogloboquadrina (N.) pachyderma (sinistral) (125-250 µm) . The foraminifera specimens were neither treated with alcohol nor cracked and cleaned in an ultrasonic bath, because we believe the contamination by coccolithophorids to be small based on the low carbonate content of the sediments and SEM studies. In the record of core 23071, we include previously published data from Samthein et al. (1995) . The stable isotope data were measured in the MAT-251 mass spectrometer of the Leibniz Labor of Kiel University, which runs with the automated Carbo-Kiel preparation line and has an analytical reproducibility of ±0.07%o for 6180 and ±0.04 %o for 813C (Sarnthein et a1.1995 To roughly interpret the planktic 5180 curve in terms of a paleosalinity record, we counted in the >150 .tm fraction of core PS26441) the percentage of N. pachyderma (sinistral) as a proxy for paleo-sea-surface temperatures (Bond et al. 1993; Cortijo 1995) , and 2) the abundance of lithic fragments as proxy for ice-rafted debris to identify iceberg incursions (Ruddiman 1977; Bond and Lotti 1995) (Fig. 3) . Furthermore, we used rhyolithic shards and basaltic ash particles (not depicted in this paper) to identify 1) iceberg meltwater originating from Iceland and 2) North Atlantic Ash Zones 1 and 2. These are employed as major stratigraphic markers and can be clearly distinguished in the Greenland ice core records (Gronvold et a1.1995; Zielinski et a1.1996) .
Our results on 14C fluctuations were linked to the geomagnetic model of Laj, Mazaud and Duplessy (1996) by measuring the natural remanent magnetization (NRM in the continuous high-resolution u-channel profile of P52644 (method of Weeks et al. 1993) . We normalized NRM with anhysteretic remanent magnetization (ARM), isothermal remanent magnetization (IRM), and susceptibility (Fig. 4) . Inclination and declination records were also obtained.
The planktic AMS 14C ages of both cores (Appendix: Table 1A,B; Fig. 2) were measured on monospecific samples of the planktic foraminifer N. pachyderma (sin.) (150-250 µm; 800-2300 specimens). We also obtained a few benthic AMS 14C ages from either mixed or monospeciflc samples of the epibenthic foraminifera species Cibicides lobatulus (Walker & Jacob) and Cibicidoides pachyderma (Rzehak) from P52644 (100-240 specimens; Table 2 ). The AMS samples were strictly selected on the basis of abundance maxima of the foraminifera species to minimize bioturbation effects. Most samples were washed with distilled water in an ultrasonic bath before further treatment. A set of the oldest samples with KIA numbers 23506 were washed with peroxide and then attached to the carbonate system while still wet ) to obtain the lowest background correction. The three samples of P52644 measured at the Gif-sur-Yvette AMS facility (Table  1A) were treated according to that laboratory's procedures (Arnold et al. 1989) . Most samples were measured in the Kiel Leibniz-Labor AMS facility (3 MV HVEE Tandetron 4130 AMS) (Nadeau et a1.1997 ) with a background age of 46 ka BP for foraminiferal samples prior to July 1997 (Schleicher et a1.1998) and background ages of 51-57 ka BP with the "wet" peroxide treatment (Table 1A, B) . A number of dates of core 23071 were measured in Gif-sur-Yvette (Sarnthein et a1.1995) and Aarhus (Samtleben et al. 1995) and are included in this study. The >130 datings of core PS2644 lead to an approximate sample spacing of 3 dates per 1000 yr. In summary, the stratigraphy in both cores is based on Ash Zone 2 in core PS2644, the AMS 14C ages and on tuning the stable isotope records to the GISP2 ice core.
PALE0-REsERv0IR EFFECT
We measured the benthic AMS 14C ages to obtain ventilation ages of the glacial intermediate/deepwater masses identified in the benthic stable isotopes of PS2644 (Voelker, Sarnthein and Erlenkeuser 1996) . We expected benthic ages that were higher than the planktic ages according to the generally observed gradual aging of deepwater (Andree et a1.1986; Broecker et al. 1988) . However, as shown in Table 2 , most benthic ages are younger than the planktic ages measured at the same core depth. The age differences reach up to 1600 yr (we excluded benthic ages at 1.63 m and 2.52 m based on the small sample size of <0.5 mg C, as well as an extreme outlier at 6.57 m). The benthicplanktic age anomalies cannot be explained by differential bioturbation, since bioturbational mixing is almost negligible in regions where the nutrient flux is extremely low (Trauth, Sarnthein and Arnold 1997) . Most planktic 14C ages of Heinrich events in 23071 were younger than the planktic ages and similar to the benthic ages measured on the same Heinrich events in core PS2644. In the Southern Ocean, several areas are covered by seasonal ice leading to an increase of reservoir ages of the surface water to 1300 yr (Gordon and Harkness 1992; Stuiver and Braziunas 1993; Berkman and Forman 1996) and up to 5500 yr (Domack et al. 1989 ). Per analogy, we infer a paleo-reservoir effect for the planktic 14C ages off Iceland, which by far exceeds the conventional number of 400 yr.
This paleo-reservoir effect does not occur in the probably largely ice-free Norwegian Sea (Sarnthein et al. 1995) where glacial deepwater has formed (Weinelt et a1.1996; Seidov et a1.1996) and consequently, the water column has been thoroughly mixed.This young glacial deepwater also passed the Denmark Strait as recorded in the "young" benthic AMS 14C ages of P52644. To test the assumption of increased and highly variable paleo-reservoir ages, the regional distribution of 14C ages at the base of Heinrich Event 4 was mapped using the age records of 22 deep-sea cores from the North Atlantic (Sarnthein et al., unpublished data Cortijo (1995) , a percentage of 93% already corresponds to a sea-surface temperature of 7.5°C, whereas higher abundances cover the whole temperature range from 0-7.5°C. At site P52644, these lower percentages indicate an occasional advection of warm Atlantic water across the Denmark Strait, a paleo-Irminger Current. They match "heavier" 8180 and 813C values and often follow a meltwater event (Fig. 3) , similar to the observations of Rasmussen et al. (1996a,b) (Mackensen, Sejrup and Jansen 1985) and thus, the overflow of glacial deep water. The warm phases in the sediment record are also associated with high magnetic susceptibility values (Niessen et al. 1996) which helped to solve minor correlation problems near Dansgaard-Oeschger events 9-11. Here the signal frequency is higher in core PS2644 than in the GISP2 isotope-temperature record, a difference yet unexplained. The low time resolution of the climatic oscillations in PS2644 between H3 and Hi, their fairly low amplitudes, and a potential hiatus subsequent to Heinrich event 2 hamper a precise age correlation between ca. 17 to 26 cal ka BP.
The cumulative error in the GISP2 time scale (Meese et al. 1994 ) is ignored. For the interval we study, this uncertainty in the number of counted layers is small as compared to other age uncertainties considered here.
CALIBRATION OF 14C AGES
Our correlation reveals differences between the marine 14C and the GISP2 calendar ages as shown in Figure 6 (Color Plate 1, following p. 416). The reconstructed 14C age shifts (in Libby years) generally confirm the predicted calibration curve of Laj, Mazaud and Duplessy (1996) , based on their geomagnetic model (in 14C years based on Tla = 5730 yr; x-axis is the inclined Tln correction line).
In particular, the expected abrupt increase in the age shift between 45 and 37 ka BP is generally verified. Also, from 25 to 10 ka BP, our shifts of 3700 to 1300 yr nicely fit the model within the predicted error range and are in accordance with the other published data sets on 14C age calibration.
However, we observe a new minimum 14C age shift of 150-1000 yr near 44-45 ka BP and two prominent intervals near 33-34 and 28.5 ka BP where our reconstructed age shifts rise to 7600 yr and 4800 yr, respectively, thus exceeding the predictions by a factor of 2.7 and 1.5 (Fig. 6) . Along with the 7600 yr shift, the 14C ages "jump" forward by 350014C yr within 0.15 m core depth in core PS2644 ( Fig. 2; Table 1A ). Our abrupt and extreme increases in 14C activity exactly coincide with two marked lows of geomagnetic field intensity, measured in core PS2644 at 3.86-4.16 m and 2.60-2.75 m composite depth (Fig. 4) . The intensity minima are attributed to the Laschamp and the Mono Lake excursions (Bonhommet and Babkine 1967; Denham and Cox 1971) , as revealed by the inclination changes of >90° and >20°, previously 14C-dated at ca. 33 ka BP (Viag et a1.1996) and 28 ka BP (Liddicoat 1992) , respectively. The extremely reduced age shifts near 44-45 ka BP actually form negative age shifts, with respect to the physical half-life of 5730 yr. They may result from the preceeding long-term increase in geomagnetic field intensity, ending near 5.50 m in core PS2644, a level which was dated at 45 ka BP (Fig. 4 and 2) .
The Azores geomagnetic record, upon which the model of Laj, Mazaud and Duplessy (1996) is based, was derived from sediments with relatively low sedimentation rates. Thus the mechanisms of sedimentary magnetization acquisition possibly smoothed the effects of the fast-changing geomagnetic field, resulting in broader, less pronounced minima and consequently, in lower values of calculated 14C production. Analyses of paleointensity records from ODP site 983 (Channell, Hodell and Lehman 1997) , offering a time resolution similar to PS2644, confirm the large and rapid magnetic variability found in PS2644.
Our extreme 14C age shifts at the Laschamp and Mono Lake events appear trustworthy because they are based on multiple planktic and benthic datings in cores PS2644 and 23071. The shifts are further supported by various spot calibrations based on concurrent 14C and UITh dates (Chappell and Veeh 1978; Vogel 1983; Schramm, Stein and Goldstein 1996,1997; Vogel and Kronfeld 1997; Bard et al. 1998; Geyh and SchlUchter 1998) . Our reconstructed age shifts are in line with findings of McIntyre and Molftno (1996) , who obtained similar age shifts from a record in the equatorial Atlantic by using the calibration of Stuiver and Reimer (1993) and Bard et al. (1993) . On the other hand, Kitagawa and van der Plicht (1998) calibrated 14C ages of terrestrial organic matter with varve ages in Lake Suigetsu, Japan, and observe a 14C age shift of 4700 yr at 25.5-26.5 ka BP, which may resemble our Mono Lake event, but is about 250014C yr younger.
Our maximum age shifts correspond, if calculated with the physical 14C half-life of 5730 yr, to peak atmospheric a14C values of ca. +1200%o during the Laschamp event and +670%o during the Mono Lake excursion (Fig. 6 ). These high cosmogenic 14C concentrations are confirmed by the coeval cosmogenic 10Be peaks observed in ice cores (Raisbeck et al. 1987; Beer et al. 1992; Yiou et al. 1997) and marine sediment records (McHargue, Damon and Donahue 1995; Castagnoli et a1.1995; Robinson et a1.1995; Frank et a1.1997) and by high 36C1P5CI ratios in fossil packrat urine (Plummer et a1.1997).
CONCLUSION
Detailed correlation of our 14C-dated sediment cores PS2644 and 23071 with the GIPS2 ice core, dated by layer counting, provides a considerable number of 14C calibration points revealing large fluctuations in 14C concentration in planktic foraminifera. In general, our data confirm the geomagnetic model of atmospheric el4C changes as presented by Laj, Mazaud and Duplessy (1996) . However, our record of 14C age shifts over the last 5214C ka BP does not provide a simple key for converting marine 14C ages beyond 20 14C ka BP into calendar ages due to still insufficient data and, probably, local and variable reservoir age effects. Such calendar ages are essential to calculate sedimentation rates and material balances or to elucidate the timing and driving mechanisms of rapid climatic changes.
Based on our data, jumps in the 14C shifts can amount to >7500 yr and >4500 yr at the Laschamp and Mono Lake geomagnetic events, respectively, and probably account for many age reversals observed in marine and terrestrial records, especially during 33-35 ka BP. The observed fast changes in atmospheric e14C need further detailed calibrations in sediments from land, such as the record provided by Kitagawa and van der Plicht (1998) , and from the ocean to establish the details of the various jumps and plateaus of the 14C time scale. New high-resolution geomagnetic records (such as that of Fig. 4 ) and a more sophisticated treatment of the global oceanic circulation will provide a better understanding of the primary cosmogenic 14C production rates that may have reached >220% of the modern rate, and of the potential impact of variations in the ocean circulation and in the oceanatmosphere exchange on past changes in the atmospheric 14C budget.
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